Abstract-Traffic safety in any type of transportation systems is a global concerned issue. In this paper, we propose a clustering-based multi-channel Vehicle-to-Vehicle communication system to provide traffic accident avoidance mechanism. In the proposed system, vehicles are self-organized into different clusters, and the traditional single common medium in ad hoc networks has been divided into multiple control channels and a single data channel. An infrastructure-based TDMA/CDMA technique is designed for the intra-and inter-cluster communications via data channel. The IEEE 802.11 CSMA/CA protocol is utilized by control channels. Our system is evaluated by extensive simulations. The simulation results show the proposed system can support traffic safety efficiently.
I. INTRODUCTION
The number of personal vehicles is soaring in recent years, especially in developing countries. Traffic safety is no longer a difficult problem faced by developed countries, but a global concerned issue due to huge amounts of traffic accidents causing injuries and deaths every year. For example, the USA Bureau of Transportation Statistics (BTS) reported that, in 2006 within USA only, there were more than 7.1 million vehicle crashes, which leading to 1.74 million deaths and $450 billion property losses [1] . With this immense number of crashes, leaving millions of deaths, and tremendous economic losses, considerable efforts from research institutes, industry, and governments are undertaking to reduce or avoid traffic accidents. If a moving vehicle has enough information, such as its neighboring cars' moving speeds and relative locations etc., this vehicle may be able to avoid the accidents by automatically employing a pre-designed traffic accident avoidance system. How to obtain neighboring cars' information becomes a key issue. Therefore, designing an efficient Vehicle-to-Vehicle (V2V) communication system to enhance traffic safety is very important.
Intelligent Transportation System (ITS) [2] is being developed for enhancing traffic safety using V2V or Vehicle-to-Roadside (V2R) communication systems. In [3] , the authors proposed a Vehicular Ad Hoc Network (VANET) which allows vehicles equipped with wireless devices to communicate with others in an ad hoc manner. VANET is a fundamental component of ITS, and is believed to be the most feasible architecture for V2V communication in a fully distributed circumstance. However, a VANET suffers a rapid network topology change [4] , and unlimited redundancy [5] . Such kinds of drawbacks increase the difficulty for VANETs to achieve real-time information exchange required by traffic accident avoidance systems. Therefore, many attempts are being tried to improve the network performance of VANTEs, which include designing fast routing algorithms and low-delay Medium Access Control (MAC) protocols [6] .
Although IEEE 802.11a is the recommended MAC protocol for VANETs [7] , it suffers from a large number of packet losses due to collisions and access delays, which are the common problems of contention-based MAC protocols. A lot of schemes have been proposed to improve the performance of MAC protocols in VANETs [8] - [10] . In [8] , the authors proposed a Vehicular Self-Organizing MAC protocol which use TDMA (Time Division Multiple Access) scheme as the MAC protocol. The purpose of [8] is to achieve the reconfiguration of TDMA slots without central controls and provide dependable data transmission in V2V communication. However, how to synchronize TDMA time slots among different vehicles by using only one wireless channel is not clearly presented. A cross-layered MAC protocol and clustering scheme for multi-hop broadcast of emergency message in VANETs are proposed in [9] . Clustering scheme is designed for a virtual backbone network of VANETs. A Dynamic Backbone-Assisted MAC (DBA-MAC) protocol and multi-hop forwarding techniques are used to improve the throughput of the virtual backbone network. However, the creation of backbone is a pre-activated manner, which brings large overheads that waste precious channel bandwidth. In [10] , a clustering-based MAC protocol is proposed for supporting QoS (Quality of Service) in VANETs. TDMA scheme is used inside each cluster for dependable packets exchange. The IEEE 802.11 MAC protocol is adopted for cluster heads' communication to coordinate inter-cluster information. Ignored the hidden/exposed node problem is the major drawback. dium in an ad hoc network has been divided into multiple control channels and a single data channel. All the control channels use the IEEE 802.11 CSMA/CA protocol and a TDMA/CDMA (Code Division Multiple Access) scheme is designed for the data channel to guarantee low transmission delay inside each cluster. The proposed system can achieve fast reactions to the emergency and warn drivers to take proper actions, which can effectively reduce the potential traffic accidents. The extensive simulation results in this paper show the effectiveness of our V2V communication system. The rest of this paper is organized as follows. In Section II, the V2V communication system model is presented. Section III evaluates the system performance by using extensive simulations. Finally, we conclude the paper in Section IV.
II. SYSTEM MODEL

A. Highway and Traffic Models
In the proposed V2V communication system, we consider a three-lane one way straight highway with length L. For simplicity, corners, turns, merging or exits in our proposed highway model are not considered. But the proposed system can be used in any type of road model. We assume that each vehicle in the system is equipped with a Global Positioning System (GPS), which can provide vehicle's location information and moving speed etc. We also assume that traffic stream follows Poisson distribution with mean rate . (Note: in this paper, we use the terms "traffic stream", "traffic flow" and "vehicle flow" alternatively, all of which have the same meaning.) The moving speeds of vehicles follow a truncated normal distribution in the range [V min , V max ] with mean V ave MPH (miles per hour) and standard deviation V dev MPH. Here, V min is the minimum and V max is the maximum moving speed of a vehicle. V max is equal to the speed limit of the highway.
Vehicles running on the road are assumed to perform normal driving behaviors, such as acceleration, deceleration, overtaking and lane change. We assume that two adjacent vehicles in the same lane have to keep a predefined safe distance D. We also assume that each vehicle randomly generates a moving speed and keeps this speed for a distance d 1 (random variable). After the distance d 1 is reached, the vehicle can change its moving speed based on the distance from its front neighbor. If the distance from the front vehicle is larger than the safe distance D, the vehicle is allowed to increase its moving speed with probability P 1 . If the distance between the two adjacent vehicles in the same lane is equal or shorter than the safe distance even the distance d 1 is not reached, the back vehicle has to decrease its moving speed to keep the distance from its front vehicle having at least the safe distance. Similar to the moving speed change, a vehicle can change the lane after moving a distance d 2 (random variable) with probability P 2 . However, if a vehicle is ready to change the lane, it must satisfy that there is no parallel vehicle in its target lane. After the lane change, the space between the vehicle and its front vehicle, and the space between the vehicle and its back vehicle will be adjusted to satisfy the safe distance constraint after sometime. We assume random variables d 1 
B. Communication Model
Our proposed V2V communication system is designed as a clustering-based multi-channel ad hoc network. That is, all the vehicles in the system are self-organized into different clusters and the traditional common shared medium is divided into multiple control channels and a single data channel. At the beginning, all the vehicles use control channels to organize clusters. All the control channels are assumed to use IEEE 802.11 CSMA/CA (Carrier Sense Multiple Access with Collision Avoidance) protocol. The control channels also help clusters to achieve reconfiguration. Since each vehicle equipped with a GPS is assumed, the synchronization technique in a centralized network can be adopted inside each cluster of our proposed system. The data channel adopts a TDMA/CDMA MAC protocol. In clusters, each vehicle periodically reports its location information and moving speed to its Cluster Head (CH) during its own TDMA time slot by using data channel. The CH then broadcasts all the members' (including its own) location information and moving speeds to all the members via data channel. Since a CDMA technique is also utilized, each cluster has its own CDMA code so that there is no hidden and exposed terminal problem in the proposed V2V communication system.
1) Cluster-Self-Organizing Algorithm
In the proposed system, every vehicle belongs to one of the three possible statuses, namely Cluster Head (CH), Cluster Member (CM) and Free Node (FN). In the next, we will introduce how a CH is elected and how clusters reconfigure in details. In the initial phase (that means there is no cluster established in the system), all vehicles broadcast their location information, moving speeds, and vehicles' IDs (e.g., plate numbers or MAC addresses etc.) via the control channels by using CSMA/CA protocol. After receiving neighbors' information, all the vehicles should have clear network topologic information. If we consider a three-lane highway system, all the vehicles in the middle lanes, will become CH candidates in the initial phase. (Note: in a two-lane highway system, vehicles in the right lane can be considered as CH candidates. In a four lane highway system, vehicles in any one of middle two lanes can be considered as CH candidates.) Vehicles in other lanes say in the first and third lanes lose the election if there is any vehicle in the middle lane, otherwise vehicles in the first lane or third lane can be CH candidates. Each CH candidate then generates a probability p (a random variable in the range [0, 1]), and broadcasts p by a control channel. The election of CH is based on the comparisons of adjacent CH candidates' probabilities. The CH candidate with the highest probability p among its one-hop neighbors becomes CH, and the rest ones turn into CMs. However, their current statuses may change later. The detailed CH election procedures can be explained by the following example in Fig.1 .
In Fig.1 , in the middle lane there are four vehicles, Vehicle 1 to 4. Vehicles 1 to 4 generated their own CH candidate probability as 0.1, 0.2, 0.5 and 0.3, respectively. Dot circles A to D indicate the transmission ranges of CH candidates 1 to 4, respectively. The following are the steps for CH election procedures:
Step 1: Vehicle 1 compares its probability with Vehicle 2's.
Since Vehicle 2's probability is higher than Vehicle 1's, Vehicle 1 becomes a CM of Vehicle 2 and Vehicle 2 keeps its CH candidate status.
Step 2: Vehicle 2 compares its probability with Vehicle 3's. Vehicle 2 finds its probability is smaller than Vehicle 3's probability. Thus it becomes a CM of Vehicle 3. Then Vehicle 2 informs Vehicle 1 this change. Since Vehicle 2 changes to a CM of Vehicle 3, Vehicle 1 has to change itself back to a CH candidate. Since Vehicle 3 has higher probability than Vehicle 2, it keeps its CH candidate status.
Fig. 1 Cluster head (CH) election
Similar to the above steps, Vehicle 4 becomes a CM of Vehicle 3. After sometime, the statuses of all the CH candidates will be stable. In the above example, Vehicles 1 and 3 are chosen as CHs, and Vehicles 2 and 4 become CMs. After CH elections, each CH broadcast its moving status, members' IDs, and TDMA/CDMA frame structures via control channels to start the V2V communication.
2) Intra-and Inter-Cluster Communications Protocols
In the proposed system, the IEEE 802.11 CSMA/CA protocol is used for control channels to coordinate new CMs joining and the inter-cluster communication among neighboring CHs. After a cluster is formed, all the intra-cluster communications between CMs and the CH in a cluster is accomplished through data channel. For the data channel, TDMA/CDMA technique is adopted. Each CH decides the TDMA frame structure based on the number of CMs in the cluster and numbers of neighboring CHs. The time slots in a TDMA frame are designed for all the CMs, current cluster's CH, other adjacent CHs if available, and some reserved slots. The reserved time slots locate in the tail of each TDMA frame. By doing this, whenever there is a FN joined a cluster, the CH doesn't need to re-organize the TDMA slots for all the CMs, but assign a reserved slot to the new CM. CDMA technique adopted in the system is to avoid the hidden and exposed terminal problems. Similar to the cluster self-organization algorithm, CHs can select different orthogonal codes with its neighboring CHs. Each CH is designed to have dual transmission powers. That is, when a CH needs to communicate with its CMs, the CH selects a short range transmission power. Otherwise, the CH uses a long range transmission power while it needs to exchange information with its neighboring CHs.
After the TDMA frame structure and CDMA code are formed, CH and CMs in a cluster start exchanging their location information and moving speeds using their own TDMA time slots. All signals inside a cluster are encrypted by using the CDMA code of current cluster. The CH also handles new member joining and old member leaving processes. CMs are required to report their moving information in every TDMA frame. If CH does not hear from a specific CM for continuous N frames, this CM is believed that has left current cluster. Meanwhile, if CMs do not hear the broadcast from the CH for continuous N TDMA periods, this CH is believed to leave current cluster. All CMs in the cluster will turn into FNs, and begin broadcasting their moving information to start a new round of CH election. Any vehicle that does not belong to any cluster uses control channel to apply a membership if there is at least one CH in its transmission range. Otherwise, this vehicle will start to organize a new cluster with other vehicles surrounding it. If there is no vehicle in its transmission range, this vehicle just keeps an independent status.
3) Vehicle Accident Avoidance Mechanism (VAAM)
Since all the CMs including the CH in a cluster exchange their location information and moving speeds in each TDMA frame, all the vehicles have the real-time moving and position information of their neighbors. When a driver tries to accelerate or change lane, the pre-deployed Vehicle Accident Avoidance Mechanism (VAAM) in a vehicle will automatically judge whether this behavior is safe or not. If there is any potential danger, such as current speed is over limit or there is another vehicle in the blind area when changing lane, the VAAM system will raise an alarm to remind the driver to stop current attempts.
Besides VAAM functions, if there is any emergency happened, such as traffic accidents, traffic jams, and bad road conditions etc., the CH which is nearest to the emergent area uses long range transmission power to inform the CHs behind it. Following CHs pass this emergency information down to other CHs through control channels. Each CH informs its members by using data channel. By this way, if the whole system can be one network topology, all the vehicles approaching the emergent area will know what happened exactly in advance, and make a decision early, like slowing down, changing lane, or even detouring.
III. NUMERICAL RESULTS AND DISCUSSIONS
This section presents comprehensive simulation results and discussions for the proposed V2V communication system. The simulation is based on an event-driven simulator implemented by C++ language.
A. Simulation Parameters
The total length of simulated highway is L. For each lane, the traffic stream follows Poisson distribution with mean rate . The moving speeds of vehicles follow a truncated normal distribution in the range [V min , V max ] with mean V ave MPH (miles per hour) and standard deviation V dev MPH. According to [11] , drivers' average reaction time to an emergency is between 0.75s to 1.5s. Considering the average moving speed in a highway circumstance is 60 MPH (equals to 26.7 m/s), the safety distance D between two adjacent vehicles is assumed to be 30 meters. The specific values of traffic model can be found in Table I.   TABLE I Traffic Model Parameters The IEEE 802.11-based wireless network cards are assumed to be used for inter-vehicle communications, and the total wireless bandwidth is set to 11 Mbps [12] , which 9 Mpbs is reserved for data channel and the rest 2 Mbps is used for control channels. In the simulation of the IEEE 802.11 MAC protocol, time is slotted with a slot size , and the packets are only allowed to transmit at the beginning of every slot. We assume that a DIFS duration is , a SIFS duration is , and the transmission time for ACK is . In the simulation of TDMA/CDMA MAC protocol for data channel, Walsh codes are chosen for CDMA coding, and there are 64 Walsh codes in all, which are more than enough for the system. The reserved slots for free accessing are fixed to 3 TDMA slots, which are believed to satisfy both performance and efficiency. The details of parameter values in MAC protocols can refer to Table II.   TABLE II 
B. Numerical Results and Discussion
In order to systematically and quantitatively evaluate the performance of proposed V2V communication system, the metrics are carefully picked. Not only the performance of MAC protocols are simulated, but also the topology-based metrics, such as average cluster size and average CH lifetime are evaluated. After the clusters are formed, TDMA is used as intra-cluster data channel protocol, which means the throughputs and transmission delays are stable and bounded. Therefore, most simulation attentions are focused on control channels' performance, which directly affects the transmission delay and performance of entire system. Simulation results are carefully compared with IEEE 802.11a, the suggested MAC protocol in DSRC (Dedicated Short Range Communications). Because the IEEE 802.11 MAC protocol only works on the single channel, it would be unfair if we only compare our proposed protocols with it. Hence, another clustering-based multichannel MAC protocols (CBM-MAC) proposed in [9] is used as a metric in some comparisons. Fig. 2 illustrates the average number of vehicles in a cluster versus average arrival rate of traffic flow. It is clear to see that the cluster size is linearly increasing with the growing traffic load. It is because heavier traffic load means higher traffic density on the highway. The transmission range of vehicles are fixed, and that is to say higher traffic density equates more cars in a given circle range. Fig. 3 shows the average CH lifetime against traffic load. The proposed clustering scheme is compared with the one used in CBM-MAC. From this figure, we observe that these two schemes have similar performance when the traffic density is low. However, the proposed cluster scheme reveals its big advantage when the traffic load grows up. This is expected because only one factor, duration time, is considered when electing the CHs and there is no reserved slot for new members in CBM-MAC. However, geographic positions and moving speeds are considered and carefully weighted to elect a CH, and reserved slots are used for new members in our clustering scheme.
The number of control channels is assumed to be five in our proposed system, which means the total bandwidth is evenly divided into five pieces for each control channel. More control channels mean less possibility to wait for an out-going packet, but smaller bandwidth leads to slower transmission. Five is not a randomly-picked number, but a careful decision after evaluating the throughput and access delay of control channels while the number is increasing from 1 to 9. Figs. 4 and 5 show the delay and throughput of control channel in the initial phase versus the traffic load respectively. The control channel throughput is defined as the percentage of total time occupied by successfully transmitted packets compared to simulation time. The access delay is the combination of the time segment of a packet from generated to be transmitted plus the propagation delay. From the results, we can see the increasing of benefit is markedly slowed down after five channels. This can be explained that the maximum cluster size is around 23 vehicles per cluster and five control channels are sufficient for vehicles' needs. Thus, channels more than five are redundant and bring little benefit. Balanced the lost and gain, we choose five control channels in the proposed system. From Fig. 5 , we can also find out that the access delay of control channels is no more than 200 ms when there are five control channels. This delay is believed to be short enough in VANETs, and can serve the V2V communication system which asks for fast medium access very well. Fig. 6 shows the control channel performance with 3 control channels and 5 control channels in different bandwidths. From  Figs. 6(a) to (d) , we notice that 2 Mbps is the best choice for control channel bandwidth, which means best balance between bandwidth and throughput. This result stands for the decision we made to choose 2 Mbps as the total control channel bandwidth. Fig. 7 illustrates the impact of increasing traffic load on the probability of safety message delivering failure. The results from TDMA/CDMA MAC protocols are compared with IEEE 802.11, V2V-DCA which is another multi-channel MAC protocol based on Dynamic Channel Assignment (DCA) and CBM-MAC designed in [9] . The soaring failure probabilities of the IEEE 802.11 and V2V-DCA are expected, because hidden terminal issue in multi-hop scenario is getting worse when the traffic load is heavy. Proposed TDMA/CDMA scheme has slightly better performance than already impressive CBM-MAC. This result can be explained by the complete resolve of hidden terminal issue in the proposed system. The only possibility that safety message delivers failure happens when the structure of clusters changed. 
IV. CONCLUSIONS
In this paper, we have proposed a clustering-based multi-channel V2V communication system to provide vehicle accident avoidance mechanism in order to enhance traffic safety. A self-cluster-organizing algorithm has been proposed to coordinate the cluster head election and cluster reconfiguration. The common shared medium in ad hoc networks has been divided into multiple control channels and a single data channel. The IEEE 802.11 CSMA/CA protocol has been used by control channels to accomplish the inter-cluster communications among neighboring cluster heads. A novel TDMA/CDMA scheme has been proposed for data channel to guarantee low end-to-end delay for intra-cluster communications. The extensive simulation results verify that the proposed V2V communication system can provide fast medium access and support traffic safety efficiently.
